Introduction
Oceans cover 71% of the earth's surface with a minimum of 356,000 km of coastline, yet only 2.5% (about 86 species) of the 3364 extant snakes are known to inhabit the oceans on a regular basis (Earle 2001; Uetz 2011) . The major snake lineages holding marine and fresh water taxa are listed in Table 1 , and a list of species known and suspected to use brackish water and marine habitats is provided in Table 2 with supporting references. It is unclear whether most of these snakes are spending substantial amounts of time in salt water and are well adapted for life in saline waters, or whether they use behavioral osmoregulation, shuttling between marine and freshwater environments while remaining dependent upon sources of freshwater. Given the low percentage of snake species in the oceans, the physical environment appears to provide challenges for snakes (Dunson and Mazzotti 1989; Rasmussen et al. 2011) . A survey of lifestyles (habitat use þ foraging mode þ daily activity pattern þ reproductive mode) of 2552 alethenophidian snakes in 459 genera revealed about 362 (14%) species using aquatic environments to varying degrees; only 70 (2.7%) of these are sea snakes (Hydrophiinae and Laticaudinae). Another 65 or more species appear to use brackish water or the ocean.
The ancient Acrochordidae contains three extant species, all of which have populations in brackish, marine, and freshwater environments. The Homalopsidae containing terrestrial, semi-aquatic, and aquatic snakes has about 14 species that have invaded brackish and marine waters. The speciose Dipsadidae of the western hemisphere has at least seven species with coastal-marine populations, the cosmopolitan Natricidae has about 24 species with populations using brackish waters but most of these also have populations that primarily inhabit freshwater. The semi-aquatic, African Grayiinae has at least one species that uses brackish water (Heatwole 1999; Luiselli and Akani 2002; Murphy 2007) . However, any aquatic or semi-aquatic snake with a coastal population is likely to visit brackish water on occasion. Flooding may move snakes downstream into estuaries, while storm surges, high tides, and rising sea levels (prehistoric marine incursions) may move saline water inland.
What follows is a survey of alethenophidian snakes using brackish and marine water (excluding the Hydrophiinae and Laticaudinae), an examination of their geographic and phylogenetic distributions, and an analysis to see which species are most convergent with the true sea snakes.
Methods
The literature and museum specimens were surveyed for information on life history and morphology of snakes. Of 2552 alethenophidian snakes, 362 species were described as using aquatic environments, as semi-aquatic, or aquatic. Finding literature and museum specimens to document habitat, life history and morphology for 27 traits for each species was possible for only 261 (72%) of the 362 species. Thus, species with incomplete data were excluded from the database. Of the remaining 261 (listed in Appendix 1), 48 were considered aquatic, 175 semi-aquatic, 11 were fossorial, and 27 were terrestrial-arboreal. Species listed as fossorial or terrestrial-arboreal had some mention of using wetland habitats in the literature descriptions of their habitat or habits. The data were compiled in an Excel file, and analyzed with a PCA using Data Lab. Figure 1 illustrates the distribution of non-sea snake genera using brackish water and marine environments in relationship to their geographic distribution and the diversity of mangroves. Table 2 shows the phylogenetic distribution of brackish and marine species. Species convergent with sea snakes based on the PCA results are shown in Fig. 2 . While no known freshwater/brackish water snakes have a paddle-like tail, there are freshwater/brackish snakes that share most of the other morphological and life-history traits of the Laticaudinae and Hydrophiinae. Table 3 summarizes some of these traits and the frequency of their occurrence in the species sampled.
Results

Discussion
Fossils suggest there have been snakes in the oceans since the Cretaceous. The limbed snakes like Pachyrhachis were marine, and fossil evidence from the Eocene suggests that some spectacular marine species, such as Palaeophis grandis and Pterosphenus schucherti, were present during the greenhouse conditions of the time (Lee and Caldwell 1997; Holman 2000) . Despite evidence for early invasions of the oceans, however, snakes have apparently had difficulty in adapting to marine environments.
The greatest diversity of extant snakes occurs in Southeast Asia. Of the 32 lineages listed in Table 1 , 18 (56%) are represented in Asia, and Cadle (1987) reported a similar Asian diversity (61%, 20 of 33 lineages) based on a slightly different classification. Therefore, it is not surprising that the largest number of aquatic and marine species is associated with the Sunda Shelf and surrounding area. Diversity of coastal aquatic snakes coincides with diverse mangrove communities in Southeast Asia and Australasia ( Fig. 1) , and mangroves have undoubtedly acted as the transitional ecological setting for snakes moving from freshwater to salt water. The 1.85 million square kilometer Sunda Shelf encompasses freshwater, brackish, and saltwater habitats and provided the environments that made the evolution of the marine and brackish water snakes possible. The evolution of the diverse aquatic and semi-aquatic snake fauna that evolved in this vast wetland complex are likely due to the coincidence of its geographic size, the extensive interdigitation of land and sea, the dynamic historical changes, and the presence of multiple ancestral snake lineages in the region.
Using data from Pauwels et al. (2008) about 64 (41.8%) of all 153 freshwater snake species occur in the Oriental region (inclusive of the Sunda Shelf), while 39 (25.4%) occur in the Neotropics, and 22 (14.3%) and 19 (12.4%) occur in the Nearctic and Afrotropical regions, respectively. This is a pattern that follows the biogeographic regions with the greatest numbers of brackish water and marine snakes (see Table 2 ).
The superfamily Acrochordoidea is represented by three living species of Acrochordus, relics of an ancient, more widespread lineage inclusive of the extinct families Paleophiide and Nigerophiidae as well as the Acrochordidae (Nessov 1995) . Perhaps, the most specialized marine acrochordoid was the palaeophiid genus Pterosphenus; with a ribbon-like body several meters long, its anatomy was so well adapted to the marine environment it was unable to move on land (Nessov 1995; Rage et al. 2003) . Fossil remains of Pterosphenus schucherti are known from coastal regions extending from New Jersey to Texas. The vertebrae are narrow, lightly constructed (with large marrow cavities) and, have long neural spines, suggesting that the snake was incapable of terrestrial locomotion. Hutchinson (1985) reported fossils of P. schucherti from Florida associated with whales' remains deposited 4300 km from land in the Middle Eocene. Holman (2000) hypothesized this large sea-going snake had a lifestyle similar to modern sea snakes: drinking seawater (but see Lillywhite and Brischoux, this issue), using salt glands, and a viviparous reproductive mode. He reports 24 mm long vertebrae which, assuming 270 vertebrae, suggests this snake may have exceeded 6 m. Some of the extant Homalopsidae are known for their marine lifestyles (Bitia, Cantoria, Cerberus, Djokoiskandarus, Enhydris bennettii, Fordonia, Myron) and others members of the family (E. dussumierii, E. maculosa, E. pakistantica, E. sieboldii, E. vorisi, Homalopsis sp.) are likely exposed to brackish water on occasion based upon their distributions in river deltas and coastal flood plains as well as anecdotal literature (see Table 2 ). While Gyi (1970) recognized 10 genera and 37 species; the current number of homalopsids is 55 species in 14 genera (our unpublished data). This suggests they are not simply remnants of an ancient lineage, but a significant radiation of snakes with species that have been misplaced within other lineages. The family contains the fangless fossorial-terrestrial, vermivorous Brachyorrhos Kuhl and Calamophis Meyer (our unpublished data), as well as many semi-aquatic and aquatic species with rearfangs and an associated venom gland. Homalopsids lack a fossil record, and the number of extant species and genera in this family will likely continue to increase. While some homalopsids appear salt tolerant, others are quite sensitive to saline conditions (Murphy 2007) .
The cosmopolitan Natricidae (or Natricinae) are speciose (more than 200 species) and more recently evolved than the homalopsids (Pyron and Burbrink 2011) . The family contains fossorial, terrestrial, arboreal, and aquatic species with a few adapted to brackish and marine waters. These include Natrix and Xenochrophis in Eurasia and Nerodia, Liodytes (formerly Regina in part, see Alfaro and Arnold 2001) , Seminatrix, and Thamnophis in the western hemisphere. While most natricids are temperate, a few lineages have invaded the tropics in Africa: Afronatrix, Limnophis, Natriciteres; in Asia: Rhabdophis, Tropidonophis, Xenochrophis; in the Neotropics: Thamnophis and Nerodia; and in the Neotropics: Nerodia and Thamnophis. With the exception of Nerodia clarkii and N. fasciata (Gibbons and Dorcas 2004; Babonis and Evans 2011) , the natricids using marine environments are few in number and poorly known.
The Dipsadidae primarily comprises a Neotropical radiation with a few representatives in North America; they too are speciose (more than 700 species) and of relatively recent origin (Vidal et al. 2010 ; Pyron and Burbrink 2011). The family contains Fig. 1 The distribution of snakes found in brackish water environments. Note that the number of genera is correlated with the greatest mangrove diversity, the largest geographic area occupied by mangroves and wetlands, and the greatest geographic concentration of snake lineages. Snakes from left to right: Helicops angulatus, Hydrops triangularis, Farancia abacura, Liophis cobella, Grayia smythii, Natrix natrix, Xenochrophis piscator, Cerberus rynchops, Fordonia leucobalia, Acrochordus javanicus, Cantoria violacea.
extant coastal species in the genera Farancia, Helicops, Hydrops, Liophis, and Tretanorhinus that inhabit brackish and marine water (see for species and references in Table 2 ). There are likely more species in this clade using brackish water environments given the recent description of Pseudoeryx relictualis by Schargel et al. (2007) from Lake Maracaibo, Venezuela. The mostly freshwater lake is a remnant of the Orinoco changing course, and has a direct flow of water from the Caribbean through the Strait of Maracaibo and Tablazo Bay. Under favorable tidal conditions, salt water intrudes into the lake elevating salinity (Findikakis et al. 2001) . The endemic freshwater/brackish water Helicops scalaris also inhabits the lake (Barros 2001 Salinity levels in the Pebas are controversial. Wesselingh and Ramos (2010) reported evidence for a brackish water mollusk and ostracod fauna in the Pebas system (now western Amazonia). Lundberg et al. (2010) portrayed the Amazonian Neogene fish fauna as strictly freshwater, but acknowledged the presence of carchariniform sharks and lamniform rays similarly, Riff et al. (2010) examined the Neogene crocodilian and turtle fauna and suggested that fully marine conditions in the Miocene were excluded from the continent's interior. Thus aquatic Fig. 2 Above. Results of a PCA to identify which species of freshwater and brackish water snakes are most convergent with sea snakes. The Hydrophiinae and Laticauda (sea snakes and sea kraits, respectively) are shown in the shaded area, Acrochordus are closest to the sea snakes but Bitia, an undescribed homalopsid species from Lake Towuti, Sulawesi, Eunectes, and Tretanorhinus were nearby. The cluster near the bottom left is composed mostly of brackish water and freshwater homalopsids and dipsadids. Body size, the presence or absence of a paddle tail, dorsal pattern, dorsal scales (number of rows and ornamentation), and number of ventrals accounted for 63.1% of the variation. Below. The same plot with species categorized based on habitats used. boids and dipsadids, particularly those living close to coastal areas in Venezuela, Trinidad, and Guyana, were exposed to extended periods of increased salinity. This may explain the salt tolerance these snakes show today. The cohort of dipsadids and natricids capable of inhabiting salt water on the coastal plain of North America (Farancia abacura, F. erytrogramma, N. clarkii, N. fasciata, Nerodia sipedon, Liodytes rigida, and L. alleni) may also be the result of selection during marine incursions of the OligoceneMiocene highstands, and subsequent Pleistocene sea-level fluctuations.
Only anecdotal information is available on dipsidids using salt water. However, preliminary investigation in Trinidad's Caroni Swamp, a mangrove forest reported to have three species of aquatic dipsadids (Helicops angulatus, Hydrops triangularis, and Liophis cobella) (Murphy 2007) , found these snakes absent at salinities between 28 and 31 ppt. In Trinidad's Narvia swamp, a marsh forest/mangrove complex, both L. cobella and H. angulatus were found in water that was 8-12 ppt (J. C. Murphy, unpublished data).
Aquatic snakes, marine and freshwater, have evolved the ability to compress their bodies for increased swimming performance; this has been documented in N. sipedon (Pattishall and Cundall 2008) as well as the Hydrophiinae and Laticaudinae (Brischoux and Shine 2011) . Freshwater and brackish-water snakes with laterally compressed bodies, small ventrals, dorsally oriented valvular nostrils, and other morphology found in sea snakes are known, but no freshwater or brackish-water snake known to date has a paddle-like tail, such as those found in sea snakes. There is no readily available answer to the absence of paddle tails in fresh water and brackish-water snakes, although clearly paddle tails evolved twice in extant marine snakes (Rasmussen et al. 2011) . Sea kraits and the freshwater Regina both forage in the water but are otherwise quite terrestrial, so why does Regina lack a paddle tail while Laticauda have one? Both are active foragers that hunt crevices. The absence of coral reefs, or their ecological equivalent in freshwater, combined with the increased buoyancy of snakes in saltwater, may be the answer. The paddle-tail may allow the snake to maintain a position in the water column while it probes crevices for food, as would Laticauda or Hydrophis, while experiencing increased buoyancy. The only sea snake described as an ambush predator is Pelamis platura (Heatwole 1999) ; all other sea snakes with known habits are active foragers. Pelamis is filling a unique niche as a pelagic ambush specialist, floating in the debris fields of the open ocean and ambushing prey while afloat. The tentacled snake, Erpeton, is also a dedicated ambush predator, but it is suspended in the water column of shallow, freshwater swamps while hunting, anchored to vegetation with a long prehensile tail, its foraging strategy and lifestyles quite different from that of Pelamis.
An examination of phylogenetic studies suggests that aquatic-marine snakes frequently have sisters or proximal relatives that are fossorial. Burrowing snakes may be good candidates for evolving aquatic-marine habits (the reverse may also be true). Historical changes in sea levels, daily tides, storm surges in mangroves and salt marshes, and seawater incursions into freshwater wetlands would expose coastal fossorial snakes to increased salinities. Terrestrial and arboreal snakes of many groups would be able to move away from salt water, but most burrowing species would be expected to be limited in this ability. Keogh (1998) recovered a clade composed of Laticauda, Loveridgelaps, and Salomonelaps. Scanlon and Lee (2004) also found that Laticauda and the terrestrial elapids of the Solomon Islands were basal to the remaining hydrophiines. All the poorly known elapids from the Solomon Islands are described as cryptozoic, fossorial, and semi-aquatic (O'Shea 1996; Shine and Keogh 1998). Sanders et al. (2010) recovered Hemiaspis (an aquatic-fossorial genus) as the sister to the sea snakes.
The terrestrial-fossorial, fangless Moluccan genus Brachyorrhos is the sister to all of the other homalopsids . Additionally, Enhydris plumbea, a basal-fanged homalopsid and the sister to all other fanged homalopsids, exploits the mud-root tangle and leads a fossorial-aquatic life (Voris and Karns 1996; Alfaro et al. 2008) .
The Dipsadidae contains several clades that are primarily aquatic and associated with fossorial cryptozoic sisters. Within the North American dipsadids is a lineage (the Carphophiinae of Zaher et al. 2009 or the Heterodontinae of Vidal et al. 2010 ) that forms the sister to the highly aquatic North American Farancia; it is a clade composed of Carphophis, Diadophis, and Contia (fossorial cryptozoic snakes).
The sister to the aquatic Hydropsini is the Tachymenini, a clade of semi-aquatic, and aquatic fossorial snakes. Within the Dipsadini, the highly aquatic Tretanorhinus and the fossorial cryptozoic Trimetopon form the sisters to the fossorial, cryptozoic, and highly speciose genus Atractus (Vidal et al. 2010) .
Within the North American natricid tribe Thamnophiinae, the fossorial Clonophis and Virgina form a clade with the aquatic Liodytes (formerly Regina in part) alleni, L. rigida and Seminatrix; and the fossorial Tropidoclonion forms a clade with the aquatic Nerodia, Regina septemvittata, and R. grahamii (Alfaro and Arnold 2001) .
Many homalopsid snakes appear adapted for burrowing (Bitia, Cantoria, Enhydris alternans, E. indica, E. plumbea, Fordonia, and Gerarda) with small eyes, smooth scales, and short tails. Bitia is known to feed on bottom-dwelling gobies (Jayne et al. 1995) , Cantoria feeds on the burrow-inhabiting Alpheus shrimp (Voris and Murphy 2002) , and E. plumbea is known to eat fish and anuran larva in the mud-root tangle (Voris and Karns 1996) . The diets of E. alternans and E. indica remain unknown (Murphy 2007) . Both Fordonia and Gerarda feed on crustaceans in mangroves and on mud flats and use the intertidal burrow system (Karns et al. 2002) .
Erpeton's use of brackish water is speculative (Neil 1958) , but it forms a clade with Cerberus (brackish water/marine snakes) and Homalopsis (mostly freshwater snakes) and it has a highly derived morphology: ventrals about twice the size of dorsal scales, an exceptionally long prehensile tail, and rostral sensory tentacles. Erpeton shares heavily keeled, striated scales in numerous dorsal rows (more than 23), a tendency for fragmentation of the head scales, and a relatively long tail with Cerberus and Homalopsis. Erpeton, however, has the largest eyes of any homalopsid and they are decidedly lateral in orientation, while Cerberus and Homalopsis tend to have more dorsally oriented eyes. The position and size of the eyes, as well as the long tail may be derived for its strategy of ambush hunting.
Anecdotal evidence and morphology suggests some dipsadids (Hydrops, Helicops, Hydrodynastes, Liophis, Pseudoeryx, Tretanorhinus) are highly aquatic (Barbour and Ramsden 1919; Dunn 1939; Villa 1969; Ford and Ford 2002; Scartozzoni 2009 ), but habitat use by these snakes remains poorly studied.
Freshwater and brackish-water snakes are on trajectories that converge with aspects of the lifestyles and morphology of the true sea snakes (Hydrophiinae and Laticaudinae) and by more closely examining the behavior, ecology, physiology, and morphology of these snakes we may find clues to the evolution of the Hydrophiinae and Laticaudinae and, more importantly, expand our view of snake diversity.
